INTRODUCTION
Among the most promising cell therapies currently in clinical trials are chimeric antigen receptor (CAR) T cells, which express an artificial receptor that redirects the effector functions of a T cell to a desired antigen through an HLA-independent targeting moiety, typically a single-chain antibody fragment (scFv), coupled to one or more intracellular signaling and co-stimulatory domains. 1, 2 There are currently dozens of ongoing phase I and II clinical trials using anti-CD19, anti-BCMA, and other CARs to treat hematologic and solid tumor malignancies. 3 CAR gene delivery to T cells in these trials is accomplished using randomly integrating retroviruses including g-retroviral [4] [5] [6] [7] or lentiviral vectors, 8, 9 transposons, 10, 11 or by transient mRNA transfection. 12, 13 Recent advances in gene editing techniques allow highly efficient modifications of specific genetic loci in primary human cells, expanding the options for engineering cellular therapeutics. 14, 15 We and others have previously shown a method for high-efficiency integration of functional gene cassettes by homology-directed recombination (HDR) in primary human hematopoietic cells at target loci including CCR5, AAVS1, and CD40L. [16] [17] [18] [19] After DNA cleavage of the target sequence using an engineered nuclease, a gene expression cassette, flanked by regions of target gene homology, is delivered at a high copy number using adeno-associated virus (AAV). The endogenous DNA damage response machinery, activated by the double-stranded DNA break, then seamlessly integrates the gene expression cassette at the break site by HDR. If desired, the target site and template can be designed such that introduction of the engineered gene cassette simultaneously disrupts expression of the endogenous gene.
HDR gene editing to deliver a CAR could be used strategically to enhance the treatment potential for CAR T cells by coupling CAR delivery to other modifications of the T cell genome. For example, HIV-positive (HIV+) patients are at increased risk for B cell lymphomas, 20 and the extended use of anti-retroviral therapies (ART) is also associated with an increased risk of plasma cell disorders. 21, 22 These malignancies are theoretically targetable by anti-CD19 and anti-BCMA CAR T cells, respectively. However, HIV+ patients are excluded from ongoing clinical trials, 9 in part due to the inherent vulnerability of a T cell therapy to HIV infection. Because null mutations within the gene encoding an HIV-1 co-receptor, CCR5, render T cells resistant to infection by the most prevalent strains of HIV-1, [23] [24] [25] disruption of CCR5 by HDR delivery of anti-CD19-or anti-BCMA-CAR expression cassettes into the CCR5 locus could be an advantageous strategy for treating B cell and plasma cell neoplasms in these patients. Importantly, the adoptive transfer of cells with nuclease-induced CCR5 disruption has been used in clinical trials for HIV therapy with an acceptable safety profile. 26 Another candidate locus for this simultaneous gene delivery/knockout approach is the T cell receptor (TCR) of ab T cells. The alpha and beta chains of the TCR are expressed as heterodimers on the cell surface, and mutation of only one of these chains is necessary for disruption of surface TCR expression. 27 HDR-mediated introduction of a CAR expression cassette in the T cell receptor alpha constant (TRAC) locus could thus be used to create TCR-negative CAR T cells that have modifications at a single genetic locus. A TCR-negative cell therapy could enable production of an off-the-shelf allogeneic immunotherapy product, improving cost effectiveness, and enabling use in patients with few or low-functioning T cells. 28 Here, we demonstrate the efficiency and effectiveness of this approach to generate gene-targeted CAR T cells with concurrent disruption in these clinically relevant candidate genes.
RESULTS
We have previously published the introduction of an anti-CD19 CAR construct at the CCR5 locus by HDR-based gene editing, achieving rates of 10%-15% CAR integration via HDR in primary human T cells. 18 To test in vitro function of HDR-delivered CAR constructs, we generated fluorescent protein-expressing anti-CD19CAR T cells using two methods: lentiviral delivery (LV CD19CAR-BFP) and HDR mediated by a CCR5 megaTAL nuclease and an AAV donor template with flanking regions of CCR5 homology (AAV CCR5 CD19CAR-BFP). The CD19CAR-BFP gene cassette contains an anti-CD19CAR construct driven by the g-retroviral-derived MND promoter 29 and linked by a self-cleaving T2A peptide to blue fluorescent protein (BFP) ( Figure S1A ). As a negative control, HDR was performed using an AAV CCR5 BFP donor template containing an MND-BFP expression cassette flanked by CCR5 homology arms. Sort-enrichment for BFP + cells ( Figure S1B ) resulted in stable populations of CAR + BFP + cells for downstream assays ( Figure 1A ). Pre-and post-enrichment, the MFI of CAR and BFP expression was higher in LV CD19CAR-BFP T cells ( Figure S1C ). Presence of the CAR construct at the CCR5 locus in HDR edited cells (CCR5[CD19CAR-BFP]) was confirmed by PCR amplification from genomic DNA ( Figure S1D ).
An in vitro cytotoxicity assay showed that both CCR5[CD19CAR-BFP] and LV CD19CAR-BFP T cells demonstrated specific and www.moleculartherapy.org dose-dependent clearing of K562 cells overexpressing CD19 (CD19 pos K562) that did not differ significantly between delivery methods ( Figure 1B) . Specific lysis by CAR T cells generated using either method was significant compared to T cells edited using the control AAV CCR5 BFP (CCR5 [BFP] ) at all effector-to-target ratios (E:T) tested. In a CD107a mobilization assay, surface CD107a was detected in an equivalent percentage of CCR5[CD19CAR-BFP] and LV CD19CAR-BFP T cells (46% and 42%, respectively) after stimulation with CD19 pos K562 cells ( Figure 1C ). The cytotoxic T cell activation marker CD137 was also upregulated equivalently at both 6-8 hr and 24 hr after co-culture with CD19 pos K562 cells ( Figures 1D and 1E ). Importantly, these responses were not induced in CAR T cells by stimulation with CD19 neg K562 cells or exhibited by CCR5[BFP] control T cells.
To test rates of CAR delivery by HDR of a potential therapeutic vector, the self-cleaving peptide and BFP were removed from viral plasmids to generate AAV CCR5-CD19CAR and LV CD19CAR (Figure S2A) . HDR rates in primary human T cells with the truncated, clinically relevant construct were 20%-35% by Protein L surface staining for the CAR kappa chain at 14 days post editing ( Figure S2B ).
To assess differences in function in a long-term assay, CCR5
[CD19CAR] and LV CD19CAR T cells were tested in a stress test at low CAR T cell dose in an in vivo xenograft model. Luciferase-expressing Raji cells (that constitutively express CD19) were injected into NSG mice for 6 days prior to CAR T cell delivery. Intravenous injection of CCR5[CD19CAR] or LV CD19CAR T cells resulted in significant decreases in tumor burden relative to mice receiving non-transduced/edited T cells (mock T), measured by bioluminescence per a defined area (shown in Figure 2A ). At the earliest time point measured (day 12 post-T cell delivery), there was a small, but significantly higher tumor burden in CCR5[CD19CAR] versus LV CD19CAR T cell cohorts ( Figure 2B ). However, no other significant As long-term HIV infection is also associated with an increased risk of plasma cell disorders, we also tested function of an anti-B cell maturation antigen (BCMA) CAR delivered by CCR5 HDR. 30 In in vitro cytotoxicity assays, CCR5[BCMACAR-BFP] T cells specifically cleared BCMA pos K562 in a dose-dependent manner and responded specifically to the BCMA pos K562 target cell line versus
CCR5[BFP] T cell controls (Figure S3).
Another gene targeting/gene disruption strategy that may be clinically useful would knock out expression of the endogenous TRAC locus in CAR T cells, allowing allogeneic use of T cell immunotherapies by removing potential endogenous TCR mediated graft-versus-host responses. 28, [31] [32] [33] Combining TRAC disruption with HDR-mediated delivery of a therapeutic cassette, however, has not been previously investigated. We previously developed a TRAC megaTAL with high on-target versus off-target cutting (NHEJ) rates that resulted in efficient knock down of TCR surface expression in primary human T cells. 34 We used mRNA encoding this TRAC megaTAL and AAV donor templates with TRAC homology arms ( Figure 3A ) to generate CD19CAR T cells by HDR at the TRAC locus (TRAC[CD19CAR]). For comparison, we again used LV to make CD19CAR T cells. We also used a more clinically translatable protocol that eliminated pre-enrichment of CD3 + cells from PBMC prior to CAR delivery by either HDR or LV and achieved CAR expression rates of $40% by both methods ( Figures 3B and 3C Figures 3D and 3E ).
To determine whether TRAC HDR knock out of TCR surface expression impacts in vitro functional responses of the CAR T cells, we subjected CAR + cells generated by the two methods to several tests of CAR function. Both cell products exhibited efficient activation and killing in response to CD19 + target cells. Importantly, we found no differences in the ability of TRAC HDR versus LV-generated CAR T cells to produce pro-inflammatory cytokines (interleukin 2 [IL-2], interferon [IFN]g, and tumor necrosis factor a [TNF-a]) in response to the presence of CD19 + targets ( Figure 4A ). We also found no differences in the expression of exhaustion markers after prolonged (3 days) co-culture with the CD19 + Nalm-6 cells ( Figure 4B ).
As an additional proof-of-concept, we tested HDR insertion of a different CAR at the TRAC locus. We performed HDR editing of CD3 + PBMCs using the TRAC megaTAL nuclease, with AAV TRAC-anti-BCMA CAR as a donor template, to generate TRAC [BCMACAR] T cells. Of note, we have recently reported that delivery of mRNA encoding wild-type (WT) adenoviral helper proteins, Ad5 E4orf6/E1b55k WT, can enhance AAV transduction. 35 Further, co-delivery of mRNA encoding specific mutant helper proteins in association with nuclease mRNA and AAV donor can improve HDR rates in cases where donor template delivery may be rate limiting 35 (Y.H., unpublished data). Therefore, we used this combined approach to promote HDR within the TRAC locus. Using Ad5 E4orf6 and mutant E1b55 H354, we achieved CAR-expression rates of 40% at day 10, most (89%-94%) of which were CD3 À ( Figures   5A and 5B). Presence of the BCMACAR at the TRAC locus was confirmed by PCR and sequencing ( Figure S4 ). IFNg, IL-2, and TNF-a were detected by intracellular cytokine staining of CD4 
/CD8
À cells (a >90% decrease) ( Figure 5D ). The addition of TRAC[BFP] cells decreased the % BCMA + only slightly (from 25% to 17%-20%, a <20% decrease).
DISCUSSION
Here, we demonstrate the use of megaTAL nucleases and AAV6 donor templates to generate CAR T cells at high-efficiency by HDR at two loci with potential clinical applications: the genes coding for the HIV co-receptor CCR5 and TCRa. CAR T cells produced using this method have possible utility for use in HIV+ lymphoma patients, where simultaneous CCR5 disruption could protect therapeutic cells from HIV infection and as an off-the-shelf therapy, where CAR + TCR À cells could be produced from an allogeneic donor. This work demonstrates proof of principle for HDR-delivered CARs to improve immunotherapies for specific patient populations.
While we found no significant differences in function between LV and HDR delivery of CAR gene cassettes at two loci, CAR T cells produced by the two methods are fundamentally different in several important ways. In HDR-generated CAR cells, gene disruption and CAR delivery occur concurrently at a single, known target site, allowing strict copy-number control as well as reducing the theoretical risk of insertional mutagenesis over randomly integrating retroviruses and transposons. 14, 36 Further, enrichment for CAR + cells simultaneously enriches for disruption of the gene, potentially simplifying production and purification of a desired engineered T cell population. Several groups have published two-step methods for generating TCR À CAR T cells that involve CAR delivery by gene addition (sleeping beauty transposons or lentivirus), followed by TCR-gene disruption using zinc-finger 28 or TAL-effector nucleases (TALEN). 32 Initial clinical application of TALEN-based TCR Expanding on previous work, we explored several methods for increasing the efficiency of HDR. For example, the use of adenoviral helper mRNAs 35 increased HDR with lower efficiency donor templates in our experiments with the anti-BCMA CAR and BFP donor templates at the TRAC locus ( Figures 5, S6E, and S6F) . Additionally, we confirmed the importance of removing the nuclease target site within the AAV donor ( Figure S5 ) and found that reduction of viral packaging size by reducing homology arm length to 300 bp within candidate AAV donor constructs did not significantly decrease HDR ( Figure S6 ). www.moleculartherapy.org We observed that the MFI of CAR surface expression was lower in HDR-generated cells versus LV, especially at the CCR5 locus and where a CAR expression cassette contained a downstream cis-linked fluorophore. Despite having fewer CARs on the cell surface by protein L staining, no difference was observed in function versus LV in in vitro assays using these cells (Figures 1 and 4) . Interestingly, while this difference was evident at input in CCR5[CD19CAR] and LV CD19CAR T cells used in our in vivo experiments, output CAR T cells isolated from the spleen of tumor-bearing mice showed no significant difference in MFI ( Figures 2E, S2B , and S2C). Whether this is due to increased expression from the MND promoter in activated cells via NF-kB signaling 29, 37, 38 or whether the in vivo tumor challenge enriches for CAR T cells within a defined range of surface expression is not explored here.
While we have used exogenous promoters to drive expression in order to allow for direct comparison between LV and HDR-delivery, donor templates for HDR can be designed such that seamless integration at a target site puts CAR expression under the regulation of an endogenous gene. 17 This may be a useful application of HDR for delivery of therapeutic cassettes that was not explored here.
In summary, we have demonstrated the use of HDR to generate gene targeted CAR T cells. Potential direct clinical applications of our process include, but are not limited to: the generation of CCR5-deficient CD19 CAR T cells for therapy of HIV-associated lymphoma; TCR-deficient CAR T cells to allow use of an allogeneic cell product in patients where generation of autologous T cells is impractical; autoimmune applications where the endogenous TCR repertoire may be pathogenic; and the use of endogenous promoters or regulatory elements to control CAR expression to facilitate more refined regulation of candidate CAR expression. Efficient gene targeting via HDR represents a valuable addition to the toolkit for engineering cellular therapeutics.
MATERIALS AND METHODS

Plasmid Constructs
All CCR5 homology arms (HA) used in the pAAV shown in this manuscript are $0.6 kb length each (1.2 kb of CCR5 homology total) with a T to G mutation to render the homology arms resistant to CCR5 megaTAL binding and cleavage. The T to G mutation is at DNA matching chr3 nucleotide 46,373,690 of the December 2013 UCSC human genome sequence assembly. pAAV CCR5.MND.CD19CAR.2A.BFP was described previously 18 and was also used to generate: pAAV CCR5. MND 0 HA) of NC_000014.9 chromosome 14 Reference GRCh38.p7 primary assembly, located proximal to (but not including) the TRAC megaTAL cleavage site. AAV with varying sizes of TRAC HA are used and described in the Supplemental Information. To generate pAAV TRAC BCMACAR, the BCMACAR coding sequence was PCR amplified from the pAAV CCR5.MND.BCMACAR.2A.BFP construct with addition of XhoI site at the 5 0 end and stop codon and NotI at the 3 0 end. The PCR fragment was subcloned between TRAC homology arms in the above AAV vector via XhoI and Not I sites, between the MND promoter and polyA signal sequence. As a control, BFP coding sequence was PCR amplified and subcloned between the MND promoter and poly A signal sequence. The resulting constructs were verified by sequencing.
Plasmids used for in vitro production of mRNA encoding CCR5 megaTAL 18 and Ad5 helper proteins E4orf6 and E1b55k-H354
were described previously. 35 The TRAC megaTAL coding sequence 34 was cloned into pEVL200 39 for in vitro transcription.
Production of Recombinant AAV, Lentivirus, and mRNA
Recombinant AAVs used in Figures 1, 2 , 5, S1-S4, S6D, and S6E were generated and titered using the triple transfection method and serotype 6 helper plasmid described previously. 18 Recombinant AAVs used in Figures 3, 4 , S5, and S6A-S6C were prepared using a two plasmid transfection system. Semi-confluent 293T cells were transfected with pDP6rs (Plasmid Factory) and a pAAV plasmid containing the transgene of interest flanked by AAV2-derived ITR elements. For each transfection, a semi-confluent 15 cm plate of 293T cells were transfected with 6 mg of pAAV plasmid and 18 mg of pDP6rs plasmid using PEIpro transfection reagent (VWR) according to manufacturer's instructions. Cells were collected 72 hr post-transfection and AAV was harvested and purified as described, 18 then titered using the AAVpro titration kit (Clontech). VSV-G pseudotyped LVs were made as described. 40 For in vitro production of mRNA, plasmids containing cDNA cassette of interest downstream of a T7 promoter were linearized 3 0 of their stop codon (CCR5 megaTAL, E4orf6, and E1b55k-H354) or 3 0 of the encoded polyA tail (TRAC megaTAL) by restriction digest. mRNAs were synthesized using the T7 mScript Standard mRNA Production Kit (CellScript) with modifications described previously, 18 with the exception that the TRAC megaTAL, having an encoded 3 0 poly A tail, was not subjected to additional polyadenylation. mRNA used in Figures 3 and 4 was produced using a linearized plasmid template and the T7 HiScribe ARCA mRNA Kit (New England Biolabs) and purified with the RNeasy Mini Kit (QIAGEN). Standard primary human T cell culturing conditions were incubation in a humidified environment at 37 C with 5% CO 2 , maintaining a density of $1 Â 10 6 cells/mL by replenishing media every 2-3 days. T cell media was: RPMI-1640 with 20% fetal calf serum (Omega Scientific), 1 Â GlutaMAX, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 55 mm 2-mercaptoethanol (2ME; GIBCO), and recombinant human interleukin-2 (IL-2; 50 ng/mL), IL-7 (5 ng/mL), and IL-15 (5 ng/mL) from PeproTech as described. 18 Nalm-6, K562, and RPMI8226 cells (ATCC) and Nalm6-GFP (Nalm-6 transduced with LV MND GFP; Sather et al. 18 ) were maintained in T cell media without cytokines; T cell cytokines were added for mixed cultures (below). Culturing of primary B cells for assays using in vitro generated plasma B cells is described below.
T Cell Transduction and Gene Editing
Gene editing of CD3 + enriched PBMCs was performed as described. 18 Briefly, 1 Â 10 6 T cells were stimulated 1:1 with Dynabeads Human T-Activator CD3/CD28 Beads (Invitrogen) for 48 hr, then washed, and cultured in T cell media for 16 hr. There were 2.4 Â 10 7 cells/mL that were electroporated using either the 100 mL or 10 mL tip of the Neon Transfection System (Invitrogen) as described (Sather et al. 18 ), with 1 mg of nuclease-encoding mRNA per every $2.5 Â 10 5 cells.
For experiments where mRNAs encoding Ad5 helper proteins were co-transfected with the nuclease (Figures 5, S4 , and S6), we added 0.025 mg each of mRNA encoding E4orf6 and E1b55k-H354 per 1 mg of nuclease mRNA (a 1:1:40 ratio). After electroporation cells were incubated at 30 C for 2 hr, followed by addition of 20% of the total culture volume of AAV ($2-4 Â 10 4 MOI), then returned to 30 C incubation for $20-24 hr. Cells were then returned to 37 C and standard T cell culturing conditions. LV transduction of T cells was performed by addition of 10 mL ($2 MOI) of LV and 4 mg/mL polybrene (Sigma-Aldrich) to $1 Â 10 6 primary human T cells in 1 mL culture media. Cells were incubated at 37 C overnight, then 1 mL T cell media added, followed by standard culturing conditions. After gene editing or LV transfer, fluorescent protein expressing cells were in some cases enriched using a BD FACSAria cell sorter (BD Biosciences). Figures 3 and 4 were generated directly from whole PBMCs as follows. Thawed PBMCs (1 Â 10 6 /mL) were activated with 50 ng/mL human anti-CD3 and anti-CD28 (OKT3 and 15E8, respectively, both Miltenyi Biotec) in X-VIVO 15 media (Lonza) supplemented with 5% human serum, type AB (Valley Biomedical), 2 mM GlutaMAX, 10 mM HEPES, and 250 IU/mL recombinant human IL-2 (CellGenix GmbH). Gene editing was performed as above, with the following differences: mRNA electroporation was performed after 3 days in culture; purified AAV was added within 1 hr following electroporation, with a maximum dose of 15% of total culture volume; and cells were expanded in culture for 5-6 days before phenotyping and functional assays. For LV transduction, 24 hr post-activation, LV was added to cells at a MOI of 20, followed by overnight incubation, then media was replenished, and cells cultured using standard conditions. At 5 to 6 hr post-LV or HDR, TCR and CAR expression and T cell phenotype were determined by flow cytometry after labeling with APC anti-CD62L (Dreg-56), AlexaFluor488 anti-CD3 (SK7), PE anti-CD45RA (HI100), all from BioLegend, and recombinant PE-CD19-His (Creative Biomart).
CAR T cells shown in
Flow Cytometry and Statistical Analyses
Fluorescent protein expressing or labeled cells were detected using either an LSR II (BD), or Attune NxT (Thermo Fisher) flow cytometer, and analyzed using FlowJo X software (Tree Star). GraphPad Prism 6 (GraphPad Software) was used to visualize data and to perform tests of statistical significance; specific tests used are noted in the figure legends. Data presented here show the mean ± SEM unless otherwise noted.
In Vitro Functional Assays of CD19CAR T Cells
K562 CD19
+ and control target cell lines were previously described 18 and consist of K562 cells (ATCC) stably transduced with LV carrying either MND.CD19.T2A.GFP (CD19 pos K562) or MND.BCMA. T2A.iRFP (irrelevant antigen control; CD19 neg K562). Cytotoxicity assays were performed as described. 18 Briefly, equal numbers (5 Â To assess cytokine production, 0.5 Â 10 5 LV CD19CAR or TRAC [CD19CAR] T cells were cultured at a 1:1 ratio with Nalm-6-GFP (CD19 + ). After a 24 hr incubation period, 20 mL of supernatant was removed for cytokine analysis and T cells were cultured for 24 hr more. At the end of the 2 day period, T cells were stained with APC anti-CTLA4 (L3D10, BioLegend), PE anti-PD1 (J105, eBioscience), PE-Cy7 anti-TIM3 (F38-2E2, eBioscience), and APC anti-LAG3 (3DS223H, eBioscience). Cytokine secretion was quantified using the MultiCyt QBeads cytokine PlexScreen and analyzed with the iQue Plus Screener (Intellicyt).
Analysis of Cytokine Levels of Activated BCMACAR T Cells
There were 1.5 Â 10 5 BCMACAR T cells that were incubated with 7.5 Â 10 4 RPMI8226 (1 Â 10 6 /mL) and 1 mL/mL GolgiPlug for 5 hr at 37 C, then placed at 4 C overnight. Cells were then labeled with the following antibodies from BD Bioscience: FITC anti-CD4 (RPA-T4), PerCPCy5.5 anti-CD8 (RPA-T8), and Alexa700 anti-CD3 (SP34-2). Cells were subsequently permeabilized and fixed using BD Cytofix/Cytoperm Kit (BD Biosciences), followed by labeling with the following human cytokine antibodies: AlexaFluor647 anti-IFNg (4S.B3, BioLegend), PE anti-IL-2 (MQ1-17H12, BD Biosciences), and APC-Cy7 anti-TNF-a (Mab11, BioLegend).
BCMACAR T Cell Killing of In Vitro-Generated Plasma Cells B cells obtained from human PBMCs (described above) were seeded in 96-well plates at 2.5 Â 10 6 cells/mL, then cultured at 37 C with 5% CO 2 for 3 days in RPMI supplemented with 10% FBS, 100 U/mL Pen/Strep, 0.11 mg/mL sodium pyruvate, 10 mM HEPES, 2 mM glutamine, 55 mM 2ME with IL-21 (50 ng/mL), anti-CD40 (5 mg/mL, IC10 Southern Biotech), and R848 (Resiquimod, 3 mg/mL, Sigma-Aldrich). CAR T cells were added to B cells at a 1:1 cell ratio, keeping the total cell concentration between 0.5-1 Â 10 6 in B cell media as above, but with the addition of IL-2 (50 ng/mL), IL-7 (5 ng/mL), and IL-15 (5 ng/mL). The relative proportion of CD4 À
CD8
À BCMA + plasma cells in each sample was then assessed 2 days post-addition of T cells by flow cytometry after staining with FITC anti-CD4 (RPA-T4, BD Bioscience), PerCP-Cy5.5 anti CD-8 (RPA-T8, BD Bioscience), PE anti-BCMA (19F2, BioLegend), Alexa700 anti-CD138 (MI15, Biolegend), and PE-Cy7 anti-CD19 (HIB19, eBioscience).
Murine Xenograft Model of In Vivo Target Cell Killing
Murine studies were performed in a specific pathogen-free facility accredited by the Association for Assessment and Accreditation of Laboratory Animal Care, in accordance with the NIH Guide for the Care 41 gift from Michael Jensen). In vivo bioluminescence imaging of Raji-ffluc cells was performed following subcutaneous injection of 150 mL D-Luciferin monopotassium salt (28.57 mg/mL in sterile saline; Pierce) in a custom box that allowed simultaneous imaging of six mice (Ellard Instrumentation). Mice were imaged at the signal plateau (between 10 and 14 min post-D-Luciferin injection) using an IVIS Spectrum imager (PerkinElmer) under isoflurane anesthesia. The tumor burden was quantified as the total photon flux per second within a region of interest (ROI) that encompassed the head through pelvic region of the mouse; the ROIs were identically sized for all measurements. Sensitivity settings were adjusted at each time point to maintain 600-60,000 counts per pixel. Mice were euthanized when pre-determined humane endpoints were observed (typically onset of hindlimb paralysis, >20% weight loss, or general malaise). Splenic lymphocytes obtained from euthanized mice were labeled with a viability dye (Near-IR Fixable Live/Dead, Thermo Fisher) and FITC antihuman CD45 (2D1, eBioscience), APC anti-mouse CD45 (30-F11, eBioscience), PE anti-human CD3 (OKT3, BioLegend), and biotinProtein L (GenScript), followed by PE-streptavidin (BD Biosciences). 
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